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The theory of paramagnetic relaxation
for a rigid paramagnetic center was
first set forth by Solomon (1) and
Bloembergen (2) in the mid-1950s
and early 1960s. The PRE is caused
by magnetic dipolar interactions be-
tween a nucleus and the unpaired elec-
tron of a paramagnetic center and
results in an increase in the relaxation
rate of nuclear magnetization. Para-
magnetic systems with an isotropic
g-tensor only give rise to PRE effects,
while systems with an anisotropic
g tensor also result in pseudo-contact
shifts. The observed PRE is propor-
tional to the r 6 separation between
the observed nucleus (e.g., a proton)
and the paramagnetic center, and
because the magnetic moment of an
unpaired electron is large, the effects
can extend to separations as long as
~35 Å (e.g., in the case of Mn2 ).
The most reliable approach for making
use of the PRE is to measure the trans-
verse PRE rate (G2) which is obtained
by taking the difference in transverse
relaxation rates between the paramag-
netic (e.g., Mn2 or MTSL) and dia-
magnetic (e.g., Ca2 or MTS) states
of the system (3,4).

The potential of the PRE for protein
studies was first demonstrated in the
mid-1980s (5–7) but only gained wide-
spread use in the last decade (8–10)

when methods for introducing sur-
face-exposed cysteines became rou-
tine, thereby allowing relatively facile
introduction of paramagnetic labels at
any position of the surface of the pro-
tein. In these early applications, PREs
were qualitatively interpreted and
converted into approximate distance
ranges with large error bounds owing
to the fact that the paramagnetic labels
are generally attached to the protein via
several rotatable bonds (7) and there-
fore sample a relatively wide region
of conformational space. As a result,
the utility of the PRE in structure deter-
mination was limited. This problem
was resolved when Iwahara et al. (3)
developed the relevant theoretical
framework for dealing with mobile
spin labels and implemented methods
for direct structure refinement against
the PRE data using an ensemble repre-
sentation for the paramagnetic labels.

In 2006, it was realized that the
r 6 1/6 dependence of the PRE, cou-
pled with the fact that the magnitude
of the PRE is large, should permit
one to observe the footprint of transient
invisible states on the spectrum of the
major visible species, providing there
are distances between the paramag-
netic label and the protons of interest
that are shorter in the sparsely-popu-
lated species than the major one (11).
In the fast exchange limit, when the ex-
change rate is significantly larger than
the difference in PRE rates between
the two species, the PREs observed
on the proton resonances of the major
species will simply be population-
weighted averages of the PREs in the
two states. This insight led to the first
direct demonstration of proteins slid-
ing along the DNA as well as translo-
cating from one DNA to another
without dissociating into free solution
(11,12). The PRE profile observed for
the specific complex of the transcrip-
tion factor HoxD9 with DNA at low
salt (20 mM NaCl) was in complete
agreement with the structure of the
complex. At moderately higher salt
concentrations (100 and 150 mM
NaCl), where binding is still very tight

(KD ~ 1.5 nM), dissociation from
the DNA is slow (<0.01 s 1) and the
1H-15N correlation spectrum of the
complex remains unchanged, the ob-
served PRE profiles are typical of a
nonspecific complex (11). These PRE
profiles, which were completely unex-
pected, reflect the search process
whereby the protein transiently sam-
ples nonspecific sites on the DNA at
very low occupancy (<1%), some of
which come into close proximity to
the paramagnetic labels. Building on
this work, PREs were then used to
directly demonstrate the existence of
encounter complexes in protein-pro-
tein association (13–15), the presence
of rapid transitions between major
open and minor (~5%) partially closed
states of maltose binding protein (16),
and the transient formation of active
dimers of the HIV-1 protease precursor
that lead to the initial intramolecular
cleavage events that generate the active
mature protease (17).

A substantial amount of work has
been published on denatured and dis-
ordered proteins using PREs with the
aim of detecting transient compact
species, starting in 1997 when Gilles-
pie and Shortle (18,19) made a first at-
tempt to characterize the denatured
state of a mutant of Staphylococcal
nuclease based on PRE data. A limita-
tion of that work, as well as much of
the subsequent work along these lines
(20–23), was the inability to quantita-
tively characterize transient long-range
interactions in terms of a unique and
easily understandable representation.
In a pioneering study in the Biophysi-
cal Journal, Silvestre-Ryan et al. (24)
demonstrate that it is indeed possible
to obtain very reliable high-resolution,
long-range contact maps for disordered
proteins from PRE data obtained with
labels separated by ~15 residues (one
label per sample) even when these
transient species have occupancies as
low as 1%. The key insight in this
work is that a single structure
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satisfying all the PRE data can be read-
ily obtained by appropriate refinement
methods (in this instance, Monte
Carlo-based simulated annealing).
This structure does not represent an
actual physical structure nor does it re-
flect the conformational space sampled
by disordered/denatured proteins. The
contact map, however, derived from
this single structure provides a highly
accurate picture of all the transient
long-range interactions sampled by
the system. Indeed, the contact maps
generated from a single structure are
almost identical to those obtained
from ensemble calculations compris-
ing 5–10 members. Moreover, the use
of larger ensembles (>20) is in fact
detrimental, as it results in contact
dilution reflecting the ambiguity of
PREs when one attempts to recover
both distance and populations simul-
taneously.

With a series of theoretical calcu-
lations in hand to firmly establish the
validity of this approach, Silvestre-
Ryan et al. (24) then proceeded to
generate a long-range contact map for
the acid-denatured state of apomyoglo-
bin from previously published PRE
data (22). The contact map reveals lo-
cal collapse at the N- and C-terminal
regions that include both native and
nonnative interactions between helices
formed in the folded state.

REFERENCES

1. Solomon, I. 1955. Relaxation processes in a
system of two spins. Phys. Rev. 99:559–565.

2. Bloembergen, N., and L. O. Morgan. 1961.
Proton relaxation times in paramagnetic so-
lutions: effects of electron spin relaxation.
J. Phys. Chem. 34:842–850.

3. Iwahara, J., C. D. Schwieters, and G. M.
Clore. 2004. Ensemble approach for NMR

structure refinement against 1H paramag-
netic relaxation enhancement data arising
from a flexible paramagnetic group attached
to a macromolecule. J. Am. Chem. Soc.
126:5879–5896.

4. Iwahara, J., C. Tang, and G. Marius Clore.
2007. Practical aspects of 1H transverse
paramagnetic relaxation enhancement mea-
surements on macromolecules. J. Magn.
Reson. 184:185–195.

5. Schmidt, P. G., and I. D. Kuntz. 1984.
Distance measurements in spin-labeled
lysozyme. Biochemistry. 23:4261–4266.

6. Kosen, P. A., R. M. Scheek, ., I. D. Kuntz.
1986. Two-dimensional 1H NMR of three
spin-labeled derivatives of bovine pancreatic
trypsin inhibitor. Biochemistry. 25:2356–
2364.

7. Kosen, P. A. 1989. Spin labeling of proteins.
Methods Enzymol. 177:86–121.

8. Battiste, J. L., and G. Wagner. 2000. Utiliza-
tion of site-directed spin labeling and high-
resolution heteronuclear nuclear magnetic
resonance for global fold determination of
large proteins with limited nuclear Over-
hauser effect data. Biochemistry. 39:5355–
5365.

9. Gaponenko, V., J. W. Howarth, ., P. R.
Rosevear. 2000. Protein global fold determi-
nation using site-directed spin and isotope
labeling. Protein Sci. 9:302–309.

10. Clore, G. M., and J. Iwahara. 2009. Theory,
practice, and applications of paramagnetic
relaxation enhancement for the characteri-
zation of transient low-population states of
biological macromolecules and their com-
plexes. Chem. Rev. 109:4108–4139.

11. Iwahara, J., and G. M. Clore. 2006. Detect-
ing transient intermediates in macromolecu-
lar binding by paramagnetic NMR. Nature.
440:1227–1230.

12. Iwahara, J., M. Zweckstetter, and G. M.
Clore. 2006. NMR structural and kinetic
characterization of a homeodomain diffus-
ing and hopping on nonspecific DNA.
Proc. Natl. Acad. Sci. USA. 103:15062–
15067.

13. Tang, C., J. Iwahara, and G. M. Clore. 2006.
Visualization of transient encounter com-
plexes in protein-protein association. Na-
ture. 444:383–386.

14. Volkov, A. N., J. A. Worrall, ., M. Ubbink.
2006. Solution structure and dynamics of the
complex between cytochrome c and cyto-
chrome c peroxidase determined by para-

magnetic NMR. Proc. Natl. Acad. Sci.
USA. 103:18945–18950.

15. Fawzi, N. L., M. Doucleff, ., G. M. Clore.
2010. Mechanistic details of a protein-pro-
tein association pathway revealed by para-
magnetic relaxation enhancement titration
measurements. Proc. Natl. Acad. Sci. USA.
107:1379–1384.

16. Tang, C., C. D. Schwieters, and G. M. Clore.
2007. Open-to-closed transition in apo malt-
ose-binding protein observed by paramag-
netic NMR. Nature. 449:1078–1082.

17. Tang, C., J. M. Louis,., G. M. Clore. 2008.
Visualizing transient events in amino-
terminal autoprocessing of HIV-1 protease.
Nature. 455:693–696.

18. Gillespie, J. R., and D. Shortle. 1997. Char-
acterization of long-range structure in the
denatured state of staphylococcal nuclease.
II. Distance restraints from paramagnetic
relaxation and calculation of an ensemble
of structures. J. Mol. Biol. 268:170–184.

19. Gillespie, J. R., and D. Shortle. 1997.
Characterization of long-range structure in
the denatured state of staphylococcal nucle-
ase. I. Paramagnetic relaxation enhancement
by nitroxide spin labels. J. Mol. Biol.
268:158–169.

20. Bertoncini, C. W., Y. S. Jung,., M. Zweck-
stetter. 2005. Release of long-range tertiary
interactions potentiates aggregation of na-
tively unstructured a-synuclein. Proc. Natl.
Acad. Sci. USA. 102:1430–1435.

21. Dedmon, M. M., K. Lindorff-Larsen, .,
C. M. Dobson. 2005. Mapping long-range
interactions in a-synuclein using spin-
label NMR and ensemble molecular dy-
namics simulations. J. Am. Chem. Soc.
127:476–477.

22. Felitsky, D. J., M. A. Lietzow, ., P. E.
Wright. 2008. Modeling transient collapsed
states of an unfolded protein to provide in-
sights into early folding events. Proc. Natl.
Acad. Sci. USA. 105:6278–6283.

23. Salmon, L., G. Nodet, ., M. Blackledge.
2010. NMR characterization of long-range
order in intrinsically disordered proteins. J.
Am. Chem. Soc. 132:8407–8418.

24. Silvestre-Ryan, J., C. W. Bertoncini, ., X.
Salvatella. 2013. Average conformations
determined from PRE data provide high-
resolution maps of transient tertiary interac-
tions in disordered proteins. Biophys. J.
104:1740–1751.

1636 Clore

Biophysical Journal 104(8) 1635–1636


